Purpose: To examine whether serum levels of potassium and sodium were associated with long-term cancer risk in initially healthy men. Patients and Methods: A cohort of 1994 initially healthy men with no use of medication, aged 40-59 years, was followed for cancer during 40 years of follow-up. Associations between fasting electrolyte levels and cancer risk were assessed with incidence rates and Cox proportional hazards models. Results: Potassium, but not sodium, was linearly associated with cancer risk. This association remained significant after adjustment of several potential confounding factors, and also after excluding the first 10 years of follow-up. The age-adjusted risk of all-site cancer increased with 16% for each SD increase in potassium level. Men with hyperkalemia showed an incidence rate that was 40% higher than for men with normal potassium levels. Conclusion: Fasting serum potassium level in healthy men was positively associated with long-term cancer risk. Potassium or potassium ion channels may have a role in cell proliferation or differentiation. These findings might imply future cancer strategies for targeting individuals with high serum potassium levels.
Introduction
Electrolyte levels of potassium and sodium have been a topic of interest in the aetiology of cancer for many years. In the 1980s, several observations aroused suspicion of cancer being associated with dietary or body content of potassium and sodium. 1, 2 More recently, the nature and function of specific ion channels have been suggested to be involved in tumor development and progression. [3] [4] [5] [6] [7] [8] Moreover, elevated levels of potassium and lowered levels of sodium have been found in patients with various types of cancer, 3, [9] [10] [11] probably due to oxidative damage 12 or cancer cell lysis. 13, 14 Thus, extracellular electrolyte concentration may be linked to the diagnosis of cancer, either because the electrolyte composition may facilitate cancer development or result from an ongoing undetected cancer disease. However, the associations between potassium or sodium and development of cancer have not been studied in healthy individuals.
In the current study, we aimed to prospectively examine relationships between fasting serum levels of sodium and potassium in initially healthy middle-aged and the incidence of cancer during 40 years of follow-up.
Materials and Methods

Data Sources
The Oslo Ischemia Study is a comprehensive health survey that was established in 1972 aimed to examine risk factors for coronary heart disease and other cardiovascular diseases in a healthy male population. A total of 2341 male employees in five companies in Oslo, Norway, aged 40-59 years, were invited to participate in the period August 1972 -March 1975 . Inclusion of the study required the absence of any disorders and no use of medication last 14 days. Among those invited, 2014 (86%) agreed to participate and completed the study protocol. At inclusion, all participants underwent a comprehensive review of medical history, clinical and physical examinations (including measurements of body height and weight), a panel of blood tests, and a maximal exercise tolerance bicycle test. In addition, information on lifestyle variables (eg, smoking habits) was collected with a questionnaire. Detailed selection and implementation procedures have previously been reported. [15] [16] [17] The outcome of the study was the incidence of all-site cancer-and site-specific cancers. Information on cancer and vital status were obtained by linking the cohort data to the Cancer Registry of Norway using the 11-digit personal identification number assigned all Norwegian citizens after 1960. The Cancer Registry has registered data on all cancer diagnosed since 1953. Mandatory reporting on all malignancies from several independent sources ensures data completeness and high data quality, whereof the proportion of morphologically verified cases was 94%. 18 The cancer data obtained comprised information on cancer site based on the 7th (in the former period; 1970-1992) and 10th (in the latter period; 1993-present) edition of the World Health Organization's International Classification of Diseases and date of diagnosis. At inclusion, all participants provided informed consent according to the Declaration of Helsinki. In the 1990s, after increased awareness of privacy, the Data Protection Authority retrospectively reviewed the inclusion process for the Oslo Ischemia Study and judged participation to be in accordance with provisions on written informed consent. The study has further been approved by the Regional Committees for Medical and Health Research Ethics, Norway.
Variables
Blood samples for determination of sodium and potassium were performed after at least 12 h fasting and 8 h abstaining from smoking. Repeated analysis of the blood samples showed high accuracy. 15 The electrolytes were considered both as continuous and as categorical variables. The continuous relationship was given per 1 standard deviation (SD) increase. Potassium level below the normal range was categorized as hypokalemia (≤3.5 mmol/L), and as hyperkalemia if above (>5.0 mmol/L).
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Sodium levels were categorized as hyponatremia if <136 mmol/L 20 and as hypernatremia if >145 mmol/L. 21 Normal levels were divided into three equally spaced categories both for potassium (3.6-4.0, 4.1-4.5, and 4.6-5.0 mmol/L) and sodium (136-138, 139-142, and 143-145 mmol/L). The ratio of sodium to potassium was calculated as a measure of the electrical potential of the cell. Body mass index was calculated based on the individual's measured body height and weight at baseline (kg/ m 2 ). Physical fitness was measured as the total work (ie, sum of the work performed in a bicycle test) divided by body weight (kJ/kg). Information on smoking habits was collected by questionnaire, and individuals were categorized as "never", "former", or "present" smokers. The erythrocyte sedimentation rate was determined by the Westergren method (mm/hour). In addition, serum creatinine (mg/dL), triglyceride (mmol/L), and total cholesterol (mmol/L) were measured in all subjects.
The cohort of men was followed for cancer throughout 2012. Of the 2014 men included, we excluded two men with 
Statistical Analyses
Descriptive analyses were conducted for baseline characteristics and presented as frequencies, proportions, mean, SD, and range. Test for trend across ordered categories of potassium and sodium was performed by a Wilcoxon test. The men were followed longitudinally from the date of examination (baseline) to the date of cancer diagnosis, death, emigration, age of 85 years, or the end of followup, whichever occurred first.
The absolute risk of all-site cancer by levels of electrolyte concentration was presented as age-adjusted incidence rates per 1000 person-years. Graphically, the cumulative incidence of all-site cancer in the presence of competing risk was obtained through the AalenJohansen estimator.
The relative risk of all-site cancer was explored through a set of Cox-regression models. To explore the potential bias caused by death as a competing event, a similar set of regression model was performed with death without previous cancer as the event of interest. For each of the regression models, hazard ratios (HR) with 95% confidence intervals (CI) were calculated. Crude models and age-adjusted models were performed, in addition to models were the following potential confounding covariates were included: body mass index, smoking, physical fitness, triglycerides, cholesterol, creatinine, and sedimentation rate, all measured at baseline. Additionally, the level of sodium or potassium was included in the model to investigate the independent effects of the electrolytes. The proportionality of hazards assumption was met for all covariates, except smoking. Thus, we performed a stratified Cox model on smoking, where the baseline hazards were allowed to differ between never, former and present smokers. No interactions between the exposure of interest (potassium and sodium) and the adjusting covariates were observed.
To explore the continuous relationship between the electrolytes and all-site cancer risk we presented graphically the smoothed age-adjusted risk estimate from Coxregression analysis. Restricted cubic spline function with four knots chosen according to Harrell's recommended percentiles was used for this purpose.
When studying potassium, two secondary analyses were performed. First, to explore the possibility of reverse causality (ie, where high levels of potassium result from an ongoing cancer disease) we performed an analysis restricted to men that remained alive and cancer-free 10 years after baseline, ie, the first 10 years of observation were excluded and the new time zero was set 10 years after the initial baseline. Secondly, we calculated the risk for the most prevalent cancer sites in the study cohort by levels of potassium. The Cox model adjusted for age was used for this purpose due to the small number of events in several of the cancer sites.
Finally, the association between sodium-to-potassium ratio and cancer risk was explored in a similar manner to explore the electrical potential of the cell.
An association was considered statistically significant when p <0.05. All statistical analyses were performed using Stata. 22 
Results
Mean age at inclusion into the study was 49.8 years (SD 5.5 years). The mean levels of potassium and sodium were 4.3 mmol/L (SD 0.35, range 1.9-7.0) and 141 mmol/L (SD 3.5, range 107-161), respectively (Table 1) . During follow-up (median 26.4 years, range 0.1-40.3 years), 710 men were diagnosed with cancer, and 1248 deaths occurred (739 without previous cancer).
The level of potassium was positively associated with age, sedimentation rate, sodium and presence of smoking, and negatively associated with body mass index and fitness while the level of sodium was positively associated with creatinine and potassium and negatively associated with sedimentation rate (Table 2) .
An increase in level of potassium increased the absolute risk of all-site cancer; the age-adjusted incidence rate was 2.1, 12.3, 14.5, 14.9, and 20.3 per 1000 person-years for potassium levels ≤3.5, 3.6-4.0, 4.1-4.5, 4.6-5.0, and >5.0 mmol/L, respectively (Table 3) . Men with hyperkalemia showed an incidence rate that was 40% higher than for men with normal potassium levels. The cumulative incidence of all-site cancer increased continuously during the study period (Figure 1 ). In particular, among men with hyperkalemia, the cumulative incidence of all-site cancer started to deviate from lower levels of potassium at 5 years. For sodium, no differences in absolute risk were observed (Table 3, Figure 1 ).
The age-adjusted HR of all-site cancer showed a linear relationship with the increasing level of potassium (Figure 2 ). For each increase of 1 SD (0.35 mmol/L), a 16% increase in all-site cancer risk was observed (HR 1.16, 95% CI Table 5 ). Studying competing death as the outcome, the HR also increased by increasing the level of potassium (Table S1 ). For sodium, no association with cancer risk was observed ( Figure 2 , Table 4 ). Sodium-to-potassium ratio was negatively associated with the risk of all-site cancer (Table S2 ). However, after adjustment for baseline level of potassium (the last regression model), no independent effect of the ratio was observed.
Discussion
In this prospective study, we investigated whether fasting serum levels of potassium and sodium in initially healthy middle-aged men was related to cancer risk during 40 years of follow-up. A continuous linear relationship was observed between serum potassium and cancer risk. For each increase in potassium level by 1 SD, the age-adjusted risk of all-site cancer increased with 16%; the incidence increase was seen for cancers of pancreas (69%), stomach (58%), lung (32%), and prostate (16%). Individuals with hyperkalemia showed the highest cancer risk, which was found already after 5 years of follow-up. The association was evident after adjusting for a series of baseline characteristics (body mass index, fitness, smoking, triglycerides, cholesterol, creatinine, and sedimentation rate) and also after excluding the first 10 years of follow-up. Serum levels of sodium were not associated with cancer risk.
To our knowledge, the present study is the first to report that higher levels of serum potassium in healthy individuals Na >145 Sodium Figure 1 Cumulative incidence of all-site cancer by levels of potassium and sodium. K≤3.5 is not present due to only one cancer event.
are associated with subsequent cancer incidence. However, this study cannot reveal whether the relationship between individual serum level of potassium and cancer risk is causal, and several hypotheses can be suggested for future research. Firstly, higher level of serum potassium by itself may promote cancer development and growth through immune mechanisms. For example, it has been shown that potassium suppresses the activity of T cells, leading to a reduced ability to prevent cancer development. 23 Secondly, individuals with elevated serum potassium may have an undiscovered cancer diagnosis at baseline resulting in potassium release from necrotic cancer cells (reverse causation). 13 Our finding of a persistent increase in cancer risk after excluding the first 10-years of observation does not support this hypothesis. However, as it may take several years to develop a cancer disease, 24 we cannot rule out the possibility of reverse causation. 25 Thirdly, there may be some inherent individual factors that contribute to the regulation of serum potassium that also facilitate cancer processes. For example, genetic variation in ion channels and pumps that are involved in potassium homeostasis may also be associated with genes that have a role in cell proliferations and differentiation. The SCNN1B gene is associated with serum potassium 26 as well as gastric cancer 9 and the KCNQ1 gene, which provides information for potassium channels, 27 is also associated with the risk of colon, 28 colorectal, 29 and pancreatic cancer. 30 Also, a polymorphism in the KCNJ4 gene, which encodes another potassium channel, is associated with prostate cancer. 4 The research on membrane channels and transporters in cancer is still in the initial phase and can fill more gaps in the years to come. The study has several strengths. First, the men were apparently healthy at inclusion that was confirmed by physical examination and review of medical records, and the men did not use any medication last 14 days. The examinations took place in the morning hours and the level of the electrolytes was measured fasting. Several potential confounding factors were adjusted for in the analysis (eg, physical fitness, smoking, and diet (approximated by triglycerides, cholesterol, and body mass index)), and the individuals were followed for cancer for until 40 years. The cohort was representative of the age-group of men within the given time-period, with regard to cancer incidence in their counties of residence. 31 Thus, the results are considered to be generalizable to healthy men in northern Europe. Some limitations should be noted. The study protocol included men only and was originally not designed for investigating the aim of the present study. The study sample was relatively small and no information on social status, alcohol intake, diet and genetic variations was available. Lack of repeated measures may cause bias due to change in potentially confounding exposures (e.g. physical fitness and use of medication) during follow-up. Due to the small number of events of site-specific cancers, these results should be interpreted with caution. Moreover, due to the long follow-up time, the risk of competing death could potentially preclude the interpretation of the results from Cox-regression analysis for all-site cancer. However, since the risk of competing death also increases by the level of potassium this bias is expected to be minor.
Conclusion
The finding that fasting serum potassium was strongly associated with long-term cancer risk in healthy individuals points to further research in several directions, eg, the influence of potassium in cancer-fighting immune mechanisms or the role of potassium or potassium ion channels in cell proliferation and differentiation. The strength of the association suggests possible clinical implications, eg, medical surveillance strategies of individuals with high levels of potassium.
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